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SUMMARY 


5-L  I 


Tests  have  been  conducted  to  measure  the  aerodynamic 
characteristics  of  a  spinning  model  of  a  105  mm  shell  fitted 
with  canard  control  surfaces.  The  tests  covered  an 
incidence  range  of  -2°  to  15°,  a  Mach  number  range  ofQ0.70 
to  0.95,  and  a  control  deflection  range  of  zero  to  30  . 

The  effectiveness  of  the  canards  as  pitch  and  yaw  controls 
and  for  generating  manoeuvring  forces  is  discussed. 

The  conclusion  is  reached  that  available  manoeuvring  forces 
would  be  small,  and  an  example  is  given  for  a  typical 
trajectory  in  which  a  maximum  shift  of  90  m  from  the  un¬ 
guided  impact  point  could  be  obtained. 
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1 .  INTRODUCTION 

The  work  reported  here  was  carried  out  during  February  1978  as  part  of  a 
programme  to  assess  the  effectiveness  of  canard  surfaces  in  controlling  the  flight 
path  of  a  spin  stabilised  projectile.  The  baseline  projectile  shape  chosen  for 
investigation  was  the  105  mm  Ml  artillery  shell,  and  an  earlier  series  of  wind 
tunnel  tests  conducted  on  this  standard  shape  are  reported  by  Jermey  in 
reference  1.  The  tests  reported  here  used,  as  far  as  possible,  the  same  model, 
systems  and  techniques  as  already  detailed  in  reference  1.  Therefore,  except 
where  significant  differences  existed,  detailed  description  of  the  model,  drive 
system  and  experimental  techniques  are  not  included  in  this  report.  A 
theoretical  study  of  the  effectiveness  of  canard  controls  on  the  105  mm  shell  has 
also  been  conducted  by  Brown,  Hunter  and  Lloyd  and  is  reported  by  them  in 
reference  2.  Conclusions  from  both  references  1  and  2  suggest  that  canard 
surfaces  do  not  appear  to  offer  very  high  manoeuvrability  in  subsonic  and 
transonic  flight;  in  particular,  Brown  et  al  estimate  a  flight  path  deviation 
of  approximately  80  m  for  a  manoeuvring  phase  lasting  16  s  at  Mach  0.75.  The 
present  experimental  work  generally  confirms  this  conclusion.  For  the  parameters 
given  above  (16  s  manoeuvre  at  Mach  0.75)  the  experimental  data  give  a  maximum 
flight  path  deviation  of  approximately  90  m. 


2.  EXPERIMENTAL  DETAILS 


2.1  Model  and  balance 

The  basic  model  was  the  half  scale  105  mm  HE  Ml  shell  model  built  for  the 
earlier  test  series(ref .1) .  To  assess  the  canard  effectiveness  in  a  realis¬ 

tic  way  the  nose  of  the  shell  was  redesigned  to  conform  with  the  control 
section  geometry  then  under  consideration.  Figures  1  and  2  show  the  model 
and  balance  assembly,  and  it  can  be  seen  that  the  nose  section  is  somewhat 
blunter  and  more  bulbous  than  that  of  the  standard  shell.  The  modifications 
consist  of  the  removal  of  the  standard  fuse  and  the  addition  of  two  separate 
pieces,  a  non-spinning  control  section  which  contains  the  two  canard  pairs, 
and  a  thin  walled  shell  which  fairs  the  control  section  back  into  the  body 
and  which  spins  with  the  shell  body. 

The  control  section  is  mounted  on  a  shaft  which  passes  through  the  hollow 
core  of  the  air  motor  and  keys  into  the  model  support  sting  to  prevent 
rotation.  Lateral  support  is  provided  by  ball  bearings  between  the  shaft 
and  the  shell  body.  For  a  more  detailed  description  of  the  model  support 
and  drive  system  the  reader  is  referred  to  reference  1. 

2.2  Experimental  procedure 

All  tests  were  conducted  in  the  360  mm  x  380  mm  slotted  working  section  of 
the  continuous  flow  wind  tunnel  S-l  at  the  Aeroballistics  Division  of  NSRL. 
Four  component  data  (no  drag  or  rolling  moment)  were  obtainedQfor  a  Mach 
number  range  of  0.70  to  0.95,  an  incidence  range  of  -2°  to  15°,  and  for 
control  deflections  from  0°  to  30°.  No  supersonic  runs  were  conducted  as 
the  terminal  speed  of  the  shell  is  subsonic  for  all  trajectories  in  which 
terminal  guidance  could  be  employed.  A  Reynolds  number  of  *  3.9  x  105 

(based  on  maximum  body  diameter)  was  used  for  all  tests,  which  compares  with 
flight  Reynolds  numbers  of  1.0  to  2.0  x  106 .  To  simulate  the  flow  cond¬ 
itions  expected  at  the  higher  Reynolds  numbers  of  the  full  scale  shell,  a 
boundary  layer  trip,  shown  in  figure  1,  was  used  to  ensure  a  turbulent  bound¬ 
ary  layer  over  the  shell  body. 

For  further  details  of  the  conduct  of  the  individual  wind  tunnel  tests 
the  reader  is  referred  to  reference  1. 
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2.3  Accuracy  of  results 

Reference  1  discusses  most  of  the  sources  of  error  in  the  present  results, 
so  those  items  which  are  common  to  both  reference  1  and  the  present  work  are 
simply  identified  below  and  the  accuracy  applicable  to  each  is  given.  The 
setting  of  control  surface  deflections  is  the  only  feature  not  present  in 
reference  1,  and  so  this  is  discussed  in  some  detail. 

(a)  Force  and  moment  coefficients:  ±  0.01,  ±  1% 

(b)  Mach  number:  ±  0.01 

(c)  Reynolds  number:  all  tests  within  range  (3.9  ±  0.1)  x  10s 

(d)  Incidence:  ±  0.2° 

(e)  Roll  rate:  for  each  data  point  ±  6  rad/s 

for  an  entire  incidence  traverse  ±  19  rad/s 

(f)  Control  deflections: 

The  angular  deflection  of  each  canard  was  set  by  driving  the  model 
to  a  predetermined  attitude  and  then  setting  the  canard  top  rear 
surface  level  by  the  use  of  a  dial  indicator  referenced  to  the  bottom 
tunnel  liner.  Each  canard  was  individually  set  and  then  locked  in 
position  prior  to  each  series  of  runs,  the  canard  angular  deflection 
being  given  by  the  model  pitch  angle  plus  the  half  angle  of  the  canard 
rear  surface  (lSs  ) .  Uncertainties  arising  in  this  setting  technique 
include  the  model  attitude  (readout  errors  and  sting  bending  due  to 
tare  effects),  inclination  of  the  tunnel  liner  surface,  and  dimensional 
uncertainty  of  the  individual  canards.  Nominal  accuracy  for  the 
setting  of  each  canard  was  0.1°,  and  the  cumulative  effect  of  the 
remaining  errors  amounts  to  an  additional  0.15°,  so  an  uncertainty  of 
1  0.25  can  be  assumed  for  each  given  deflection. 


3.  PRESENTATION  AND  DISCUSSION  OF  RESULTS 

All  results  are  referred  to  the  axis  system  shown  in  figure  3,  the  origin  of 
the  system  being  located  at  the  nominal  centre  of  gravity  of  the  standard  shell. 
Only  graphical  results  are  presented,  data  having  been  selected  to  illustrate 
the  aerodynamic  aspects  of  interest.  A  tabulation  of  the  complete  aerodynamic 
data  is  available,  however,  and  may  be  obtained  on  request  to  the  author. 

3.1  Effects  of  canards  and  spin  rate 

Figures  4,  5  and  6  show  respectively,  the  centre  of  pressure,  normal  force 
and  pitching  moment  coefficients  versus  incidence  for  the  model  both  with  and 
without  the  canards  attached.  These  results  are  given  only  for  zero  spin 
rate  since  their  variation  with  spin  rate  is  small.  The  centre  of  pressure 
without  canards  is  further  forward  than  for  the  standard  shell  (attributable 
to  the  longer  and  blunter  nose  shape)  and  shows  the  normal  effect  of  forward 
movement  with  increasing  Mach  number  and  rearward  movement  with  increasing 
incidence.  The  addition  of  the  canards,  with  their  lift  contribution 
occurring  at  a  relatively  constant  position,  stabilises  the  centre  of  pressure 
somewhat,  reducing  its  variability  with  Mach  number  and  incidence.  Normal 
force  coefficients  without  canards  (figure  5(a))  are  very  similar  to  those 
of  the  standard  shell  shape.  The  addition  of  canards  (figure  5(b))  increases 
normal  force  coefficients  by  approximately  50%  throughout  the  Mach  number 
and  incidence  range.  Pitching  moment  coefficients  (figure  6)  follow  the 
same  pattern,  except  that  the  model  without  canards  is  more  unstable  than 
the  standard  shell  shape  due  to  the  further  forward  centre  of  pressure. 

The  addition  of  canards  further  destabilises  the  model,  moments  on  the 
canard  equipped  model  being  approximately  70%  greater  than  those  on  the 
standard  shell  shape. 
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Figures  7  and  8  show  the  side  force  and  yawing  moment  coefficients  versus 
incidence  with  and  without  canards,  plus  the  effect  of  varying  spin  rate 
(given  in  non-dimensional  form).  All  data  show  a  zero  shift,  small  for  the 
model  with  no  canards,  and  greater  for  the  canard  equipped  case.  This  is 
most  likely  due  mainly  to  non-axial  airflow  in  the  tunnel  working  section 
and  possibly  also  to  small  errors  in  the  setting  of  the  canards.  As  a 
result,  absolute  values  of  coefficients  may  be  significantly  in  error 
(although  within  the  limits  as  given  in  Section  2.3)  but  trends  with  incidence 
and  roll  rate  should  be  reliable.  Once  again,  results  for  the  model  with  no 
canards  agree  closely  with  earlier  results  from  the  standard  shell  shape. 

The  addition  of  canards  generally  has  very  little  effect  in  the  low  incidence 
(up  to  10°)  range,  but  appears  to  produce  a  small  to  moderate  increase  in 
Magnus  forces  and  moments  at  higher  incidences. 

3.2  Effects  of  pitch  canard  deflection 

Pitch  canard  deflections  ranged  from  0°  up  to  30°,  and  their  effect  on 

normal  force  and  pitching  moment  coefficients  is  shown  in  figures  9  and  10. 

The  two  unusual  deflection  angles,  13°  and  23°,  were  the  unfortunate  result 
of  a  3°  setting  error  present  when  setting  to  nominal  angles  of  10°  and  20°. 
The  error  was  discovered  during  the  test  series,  but  too  late  to  conduct 
repeat  runs  at  the  originally  intended  angles.  Results  are  plotted  only  for 
zero  spin  rate  and  two  Mach  numbers,  0.7  and  0.95,  since  the  variation  with 
spin  rate  and  Mach  number  is  small.  Figures  9  and  10  show  that  normal  force 
and  pitching  moments  vary  relatively  linearly  throughout  the  incidence  range 
for  pitch  canard  deflections  of  up  to  23°.  The  curves  for  30°  deflection 
indicate  that  stalling  of  the  canard  surfaces  commences  at  a  canard  to  free 
stream  incidence  of  approximately  25°  (i.e.,  in  this  case,  at  5°  body 
incidence)  and  worsens  progressively  for  higher  canard  to  freestream  angles. 
Pitching  moment  curves  show  that  trim  angles  of  up  go  5*s°  (spin-stabilised) 

can  be  obtained  with  canard  deflections  of  up  to  30°.  A  more  detailed 

discussion  of  trim  angles  and  normal  force  available  at  trim  is  given  in 
Section  3.6. 

3.3  Effects  of  yaw  canard  deflection 

Yaw  canard  deflections  ranged  from  0°  to  30°,  and  their  effect  on  side 
force  and  yawing  moment  coefficients  is  shown  in  figures  11  and  12.  Plotted 
results  are  given  only  for  zero  spin  rate  and  two  Mach  numbers,  0.7  and  0.95. 
Results  at  other  Mach  numbers  are  similar,  and  the  effect  of  spin  rate  is 
covered  separately  (see  Section  3.5).  The  effectiveness  of  canard  deflect¬ 
ions  in  producing  side  forces  and  yawing  moments  appears  to  be  fairly  linear 
with  6^  for  deflections  up  to  20°,  but  it  is  evident  that,  as  for  the  pitch 

canards,  stalling  is  occurring  at  a  deflection  of  30°.  Side  forces  due  to 
canard  deflection  are  significantly  increased  by  increasing  incidence,  though 
yawing  moments  remain  fairly  constant,  implying  a  rearward  shift  of  the 
C.P.y  position  with  incidence. 

3.4  Combined  effects  of  pitch  and  yaw  canard  deflections 

A  single  series  of  tests  was  conducted  to  check  whether  the  effects  of 
pitch  and  yaw  canard  deflections  applied  simultaneously  were  significantly 
different  from  their  separate  effects.  Figure  13  shows  normal  force, 
pitching  moment,  side  force  and  yawing  moment  coefficients  obtained  for  four 
permutations  of  gitch  and  yaw  canard  deflections  (plotted  results  for 

=  20°,  5^  =  0°  were  obtained  by  linear  interpolation  between  the  test 

results  6  =  13°,  5  =  0°  and  5  =  23°,  5  =  0°).  Plots  are  given  only  for 
z  y  z  y 

M  =  0.7  and  zero  spin  rate,  but  results  are  similar  for  other  Mach  numbers 
and  spin  rates.  Results  indicate  that  cross  coupling  effects,  i.e.  Cz  and 

C  changes  produced  by  6  ,  and  Cv  and  C  changes  produced  by  8  are  small, 
in  y  t  n  z 
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Thus  the  effect  of  simultaneous  application  of  pitch  and  yaw  canards  is  little 
or  no  different  to  the  simple  addition  of  their  separate  effects. 

3.5  Combined  effects  of  spin  rate  with  pitch  and  yaw  canard  deflections 

Figure  14  shows  plotted  results  of  normal  force,  pitching  moment,  side 
force  and  yawing  moment  coefficients  versus  non-dimensional  spin  rate  (p  ) 
for  various  control  surface  deflections.  Data  are  plotted  only  for  an 
incidence  of  5°  (approximately  the  maximum  trim  incidence  attainable,  see 
Section  3.6)  and  for  Mach  0.7.  Results  for  the  rest  of  the  Mach  number 
range  are  similar.  Figures  14(a)  and  (b)  show  that  spin  rate  has  no 
significant  effect  on  normal  force  or  pitching  moment,  the  small  perturbations 
which  do  appear  being  within  the  limits  of  experimental  uncertainty. 

Figures  14(c)  and  (d)  show  that  spin  rate  and  yaw  canard  deflection  also  have 
largely  independent  effects,  although  there  is  some  indication  that  the 
Magnus  component  of  the  side  force  is  slightly  increased  by  canard  deflection, 
but  again,  the  increment  is  at  the  limit  of  experimental  uncertainty. 

3.6  Trim  incidence  and  manoeuvring  forces  at  trim 

Figure  15  shows  the  trim  incidence  available  throughout  the  Mach  numberQ 
range  for  pitch  canard  deflections  of  0°  to  30°.  An  incidence  of  up  to  5% 
is  possible  (with  the  assumption  of  gyroscopic  stability)  and,  within  the 
range  tested,  trim  is  independent  of  Mach  number  and  an  almost  linear  function 
of  canard  deflection. 

The  normal  force  coefficient  produced  at  trim  is  shown  in  figure  16(a). 

It  can  be  seen  that  the  normal  force  is  very  small  and  an  extremely  non¬ 
linear  function  of  both  trim  incidence  and  Mach  number.  This  disappointing 
result  is  due  to  the  proximity  of  the  centre  of  pressure  of  the  body  lift 
to  the  canard  position,  which  means  that  to  obtain  trim  at  incidence  the 
canard  lift  force  must  be  opposite  and  almost  equal  to  the  body  lift.  The 
resultant  total  lift  is  very  small,  and  highly  dependent  on  the  changes  in 
the  body  centre  of  pressure  caused  by  Mach  number  and  incidence  changes. 

The  side  force  coefficient  at  trim,  shown  in  figure  16(b),  consists  mainly 
of  the  Magnus  component,  but  also  contains  a  small  yaw  canard  force  required 
to  balance  the  Magnus  moment  about  the  centre  of  gravity.  The  total  side 
force  coefficient  is  thus  a  relatively  simple  function  of  spin  rate  and  trim 
incidence,  but  even  at  maximum  incidence  side  forces  are  very  small  for  all 
practical  Mach  numbers  and  spin  rates.  The  significant  zero  offsets  present 
on  figures  16(a)  and  (b)  result  from  the  difficulties  of  accurately  measuring 
these  small  force  levels. 

The  total  manoeuvring  force  on  the  shell  is  obtained  from  a  vector  addition 
of  the  normal  and  side  force  components.  Thus,  for  a  range  of  realistic 
Mach  numbers,  spin  rates  and  trim  incidences,  the  manoeuvring  force  coefficient 
could  range  from  ze.o  to  approximately  0.045,  and  could  vary  in  direction 
through  a  range  of  at  least  90°.  For  example,  taking  Mach  0.75  and  a  spin 
rate  of  160  rev/s  (pf  58  0.11)  as  typical  of  conditions  at  the  end  of  a  max¬ 
imum  range  trajectory,  the  total  manoeuvring  force  coefficient  would  be 
approximately  0.03  in  a  direction  inclined  at  approximately  20°  to  the 
incidence  plane. 

3.7  Concluding  remarks 

The  use  of  canard  surfaces  to  control  the  subsonic  terminal  trajectory  of 
a  spin  stabilised  projectile  appears  to  be  capable  of  only  minor  trajectory 
perturbations.  For  example,  taking  a  mean  Mach  number  of  0.75  and  a  spin 
rate  of  160  rev/s  as  typical  terminal  conditions,  the  maximum  available 
manoeuvrability  is  about  0.07  g.  For  a  manoeuvring  phase  lasting  16  s 
(which  assumes  target  detection  at  greater  than  4  km  range)  the  resulting 
trajectory  deviation  is  approximately  90  m. 

The  disappointing  performance  results  not  from  a  lack  of  body  lift  but 
rather  from  the  unfortunate  juxtaposition  of  the  body  centre  of  pressure  and 
the  control  surfaces.  The  canards  are  situated  in  close  proximity  to  the 
aerodynamic  centre  of  pressure  of  the  body  and  therefore  trim  at  incidence 
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is  only  maintained  when  the  canard  lift  is  opposite  and  almost  equal  to  the 
body  lift.  The  total  available  lift  can  therefore  only  be  a  small  fraction 
of  the  body  alone  lift.  The  Magnus  force,  an  additional  possibility  for 
producing  trajectory  deviations,  is  also  small,  being  of  a  similar  order  of 
magnitude  to  the  total  lift  force. 

Improvements  in  manoeuvrability  should  be  possible  from  any  modification 
which  produces  a  significant  separation  between  the  body  lift  and  the  control 
force.  Thus,  operation  at  supersonic  speeds  should  give  improved  perform¬ 
ance  due  to  the  more  rearward  centre  of  pressure  of  body  lift.  For  the 
105  mm  shell  considered  here,  however,  a  supersonic  terminal  speed  is 
attainable  only  at  extremely  close  ranges.  Other  options  might  include  the 
addition  of  fixed  tail  fins  to  shift  the  centre  of  pressure  rearward,  or  the 
replacement  of  the  canard  controls  by  tail  controls,  thus  shifting  the  control 
force  location  rearward. 
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NOTATION 


normal  force  coefficient  =  —= 

qS 


V 

side  force  coefficient  = — ? 

qS 

pitching  moment  coefficient  = 


m 

qSd 


yawing  moment  coefficient  = 

position  of  centre  of  pressure  in  the  pitch  plane,  forward  of  eg  is 
+ve 

position  of  centre  of  pressure  in  the  yaw  plane,  forward  of  eg  is 
+ve 

Mach  number  of  free  stream 

Reynolds  number  of  free  stream,  based  on  maximum  body  diameter 

maximum  body  cross  sectional  area 

velocity  of  free  stream 

side  force 

normal  force 

maximum  body  diameter 

pitching  moment 

yawing  moment 

spin  rate;  clockwise  from  rear  is  +ve 


non-dimensional  spin  rate  = 


dynamic  pressure  of  free  stream 
incidence  angle  relative  to  free  stream 

deflection  of  yaw  canards,  positive  when  leading  edge  moves 
in  Y  axis  direction 

deflection  of  pitch  canards,  positive  when  leading  edge  moves 
in  Z  axis  direction 
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Figure  4.  Variation  of  centre  of  pressure  in  pitch  plane  with 
incidence  and  Mach  No.,  p'  >0 
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Figure  4(Contd.).  Variation  of  centre  of  pressure  in  pitch  plane  with 
incidence  and  Mach  No.,  p'  *  0 


r * 


WSRL-0122-TR 
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Figure  7(Contd,).  Variation  of  side  force  coefficient  with  incidence, 
Mach  No.  and  spin  rate 
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Figure  8(Contd.).  Variation  of  yawing  moment  coefficient  with  incidence, 
Mach  No.  and  spin  rate 
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Figure  9(b) 
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Figure  9(Contd.).  Variation  of  normal  force  coefficient  with  incidence 
and  pitch  canard  deflection,  p'  =  0,  =  o° 
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Figure  10(Contd.)‘  Variation  of  pitching  moment  coefficient  with 

incidence  and  pitch  canard  deflection,  p'  ■  0, 
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Figure  13(Contd.)- 


Variation  of  aerodynamic  coefficients  with 
incidence,  showing  effect  of  pitch  and  yaw 
canard  deflections  applied  separately  and 
in  combination,  M  =  0.7,  p'  =0 
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Figure  13(d) 
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Figure  13(Contd.)-  Variation  of  aerodynamic  coefficients  with 

incidence,  showing  effect  of  pitch  and  yaw 
canard  deflections  applied  separately  and 
in  combination,  M  *  0.7,  p'  =0 
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